A method to estimate the complex refractive indices of dielectric aerosols is developed. The three-dimensional radiative transfer problem in an absorbing-scattering medium is solved by the Monte Carlo method. Mie scattering theory is used to handle particle scattering and absorption. Magnesium oxide aerosol, with its well-known complex index of refraction, is selected as an example of a dielectric aerosol. Magnesium is burnt to produce MgO aerosol and the transmission of the radiation from a black body furnace through the aerosol layer is measured. The analytical results of the transmitted energy profiles along the wall facing the emission source, a black body furnace, were obtained for a wide range of complex indices of refraction and compared with the experimental results. It is shown that the value of the complex refractive index of an aerosol can be estimated.
Introduction
Liquid sodium is used as the coolant in the fast breeder reactor now under development in Japan. High temperature liquid sodium tends to ignite and catch fire when it leaks from piping and comes in contact with air. Then, in the development of this type of reactor, it becomes important to study the heat and mass transfer characteristics of sodium fires and to assess the effects of fires on the integrity of the reactors housing. Sodium fires generate large volumes of sodium oxide aerosol as white smoke that covers the flames. To estimate the heat transfer from the flames, analysis of the radiative energy emitted from sodium fires and transmitted through the sodium aerosol layer becomes important.
To estimate the scattering and transmission characteristics of the radiative energy through the sodium oxide aerosol layer, it is important to know the complex index of refraction of the aerosol precisely in addition to the distributions of the particle diameters and the number density. An empirical formula for estimating macroscopic transmittance through aerosol layers has been reported (1) , but the complex index of refraction of sodium aerosols has not been established.
Willis (2) and Wyatt (3) developed methods to estimate a complex index of refraction of particles by comparing the measured intensity of the scattered radiation with one calculated by the Mie scattering model. Yuen et al. (4) , Tien et al. (5) , Milham et al. (6) and Chippett et al. (7) used measured values of transmittance for the estimates. These methods disregard the effects of scattering or multiple scattering, and they cannot be applied to obtain the optical properties of aerosols with high number densities where multiple scattering effects cannot be disregarded.
The present study uses non-gray radiative transfer analysis for a precise simulation of the radiative transmission through uniformly distributed dispersed aerosol layers considering multiple scattering. A black body furnace is used as the emission source, and the Monte Carlo method is used for the analysis. A method to estimate the complex index of refraction of a dielectric oxide aerosol is developed by comparing the radiative heat flux profiles for the walls surrounding the system obtained with this method for a wide range of complex indices of refraction, with the experimental radiative heat flux profiles obtained for magnesium oxide aerosols. Magnesium oxide was used in the experiment as the components of sodium aerosols, Na 2 O and Na 2 O 2 , may react with water vapor in the air and produce alkalis harmful to health. 
Nomenclature

Optical Characteristics of Dielectrics
Dielectric oxides have excellent optical transparency in the range between visible and near infrared light (8) . For example, MgO, an oxide dielectric, has excellent transparency in the wavelength range from near UV, through visible, to near IR, and the value of the absorption index k is less than 10 −4 in the wavelength region from 0.17 to 7.3 µm, and less than 10 −7 in some parts of this range. The refractive index n is almost constant and its value is more than 1 in this wavelength region (0.17 -7.3 µm). The temperature coefficient of the refractive index was measured for a polished, strain-free MgO crystal at the wavelengths 0.435 8, 0.546 1, and 0.589 3 µm (8) . An interferometric method was used from room temperature to 400
• C, and it was found that dn/dT is very small (= 1.95 × 10
and decreases slightly with wavelength but does not vary with temperature in of near the visible light region. It was considered that n is independent of temperature. In the calculation of Mie scattering, the values of the complex indices of refraction of dielectric aerosols are assumed as follows. From the above-mentioned explanation, oxide dielectrics like MgO, Ti 2 O, Al 2 O 3 , and SiO 2 are transparent between the visible and near infrared region, and the refractive index is almost constant, above unity, and the absorption index is very small (8) , (9) . The transparent window is between the electronic absorption edge and the lattice vibration edge. For dielectrics, the transparent window extends from the near infrared region to the visible light region. For example, the region extends between 0.17 -7.3 µm in MgO and 0.3 -10 µm in TiO 2 (8) . Complex indices of refraction of Na 2 O and Na 2 O 2 , the components of the aerosol generated in sodium fires, have not been reported but they may be assumed to have similar characteristics, as they are oxide dielectrics (9) . As the dominant wave number range of the radiation emitted from sodium fire is between visible and near infrared, the complex index of refraction of the aerosol can be assumed to have a constant value.
Method to Estimate the Complex Index of Refraction
The particle diameter and concentration of aerosol are given for the radiation analysis through the aerosol layer. In this study, these parameters are obtained by the experiments described in section 6. The complex index of refraction of a particle is assumed to have a wavelength independent value, and the absorption coefficient and the scattering coefficient of the aerosol layer are obtained from the Mie scattering calculations. Repeated radiative transmission calculations through the aerosol layer by the Monte Carlo method for a wide range of combinations of complex indices of refraction of the aerosol result in transmission contour lines in n -k plane. Such contour lines were obtained for several positions on the wall facing the emission source of the system. Each contour line has a value of radiative transmission, and the combinations of n and k of the points on this contour line indicate the same transmission. The radiative transmission of the aerosol layer has one of the complex indices of refraction of these combinations of n and k. And, the combinations of n and k for contour line with a measured value of transmission at the position are candidates for the real complex index of refraction of the aerosol. The procedure to obtain contour lines was repeated for different positions, and a comparison of all the candidates yielded one matching combination candidates are of n and k, which is the estimated value of the complex index of refraction of the aerosol. The procedure of the analysis is presented in Fig. 1 . The value of a complex index of refraction is assumed to be independent of wavelength, which is a valid assumption for dielectric aerosols as shown in section 6.2, while the transmission calculation is carried out over a wave-number range from 10 to 20 000 cm −1 . This is because the black body furnace used as the radiation source is not monochromatic. As the particle size parameter depends on the wave numbers, wave number dependent values are used for the absorption and the scattering coefficients which are obtained from the Mie scattering (10) calculations.
Analysis
1 Analytical system
The radiative heat transfer analysis was carried out with the system shown in Fig. 2 in which aerosol particles are uniformly dispersed in a transparent gas layer surrounded by black walls. This system simulates the experimental setup explained in section 6. The particle diameter is given as 1.0 µm measured by the experiment described in section 6. The thickness and the width of the aerosol layer are 0.075 m and 0.175 m respectively, equal to the experimental system. The radiation calculation was carried out for aerosol layers within a 0.175 m high duct. A wall element b is assumed as equivalent to the exit surface of the black body furnace and it has the temperature of the furnace. The narrow rectangular 0.05 m long duct connected to wall b simulates the space between the equivalent exit surface of the black body furnace and the duct through which the aerosol is flowing. No aerosol is assumed in this narrow duct. All wall elements except for b have room temperature T w = 300 K. All wall elements are assumed to be black. The radiation energy emitted from wall element b has a wavelength profile corresponding to the black body of the temperature. The aerosol particles act as absorbing/scattering medium and the reemission of the absorbed radiation by the particles is assumed to be small and is ignored.
2 Extinction coefficients and scattering phase function
The gas is transparent, and the spectral extinction co- 
The spectral coefficients of absorption δ a,ν and scattering δ s,ν for the aerosol in a unit gas volume are obtained by the following equations from the spectral extinction efficiency Q e,v and spectral scattering efficiency Q s,v of an aerosol with an experimentally obtained diameter. They are calculated by Mie scattering theory (10) when the complex index of refraction of the particle material and the size parameter X (= πDν) corresponding to the particle diameter and the wave number of the incoming radiation are given.
The spectral scattering phase function is also obtained by Mie scattering theory (10) as a function of the size parameter when the complex index of refraction of the aerosol material is given.
3 Radiative transfer analysis
No reemission from the aerosol is assumed, and the energy absorbed by each wall element is expressed as follows, except for b, the exit surface of the black body furnace.
In the present study, non-gray analysis is carried out in the wave number range of 10 -20 000 cm −1 , and the range is divided into 2 000 equal width wave number subranges. The heat flux on each low temperature wall element is obtained by adding the 2 000 spectral heat fluxes calculated by radiative transfer calculations for the 2 000 wave number sub-ranges. tracing the absorbing/scattering processes of the radiative energy emitted from the black body furnace through the aerosol layer by the Monte Carlo method (11) . As shown in Fig. 3 , the statistical error associated with the Monte Carlo method is sufficiently small for the present analysis using an energy particle number of 2 × 10 7 emitted from the furnace exit surface.
Experiments
1 Experimental apparatus
The aerosol layer of MgO is produced by burning a magnesium ribbon. The wavelength dependence of the complex refractive index of magnesium oxide is well known (8) . Figure 4 depicts the experimental apparatus. The magnesium ribbon is burned to produce MgO smoke in a 0.25 × 0.4 × 0.3 m glass box. The combustion speed of magnesium ribbon is very fast and melted parts of the ribbon break and drop off stopping the combustion and a slow burning technique is incorporated to make the magnesium ribbon burn slowly and stably. As shown in Fig. 5 , the magnesium ribbon is wound around a thin horizontal steel wire coil, which supports the magnesium ribbon and removes heat from the combustion part by heat conduction slowing the combustion speed. The particles of the aerosol are collected on a slide plate, and the diameters are measured from figures obtained with a 3 000 × CCD microscope as shown in Fig. 6 . The aerosol is introduced to a duct set at the top of the glass box where the air flow is assisted by a blower. The test section of the rectangular duct has a cross sectional area of 0.075 × 0.175 m and is 0.32 m high. A filter paper is set at the top of the duct section to collect the particles in the aerosol flow. The mass of particles is measured by weighing the filter paper before and after the experiment by an electronic balance. The range of the electronic balance (ER-60A) is 0.1 mg -60 g with a standard deviation of 0.1 mg. An integrating gas flow meter is set to measure the total gas volume passed through the duct. The collected mass of aerosol, the integrated gas flow, and the density of MgO are used to determine the average volumetric concentration of aerosol in the test section. A 0.03 m diameter hole on the top of the glass box is used as air inlet. The radiation transmittance is measured through the aerosol layer in the duct along a horizontal path with a thickness of 0.075 m. A black body furnace with an actual 0.024 m diameter emitting hole and a thermo-pile type radiation meter are set on the side opposite to the path. To measure the profile of the transmittance along the wall, where the radiation meter is installed, the measuring point of the radiation meter can move ±0.025 m vertically. The range of the radiation meter of type RE-II is 0 -9 000 W/m 2 and the voltage sensitivity is 9.8 × 10 −3 mV/[W·m −2 ], and it is connected to a digital multi-meter VOAC7411. The range of the digital multi-meter is 0 -40 milli-volts with an accuracy of 0.07%. A laser power meter is used to evaluate the spatial uniformity of the particle number density of the MgO aerosol by measuring the intensity of a He-Ne laser beam through the test section. The transmittance of the laser light varies less than 3% over the test section. The measurements were carried out at 5 positions along a horizontal plane in the test section 5 cm above the black body furnace. The output data of the radiation meter varied ±3% during the period of the experiment. The duration for the experiments were 60 -90 seconds. From the results, the aerosol number density was found to be spatially uniform and to be almost constant during an experiment.
2 Validity of radiation calculation
To evaluate the effect of the wavelength dependence of the complex index of refraction of the aerosol on the radiation transmission, radiation transmission analyses are carried out for two cases corresponding to the radiative energy from a black body furnace at 1 143 K and 1 233 K. At 1 143 K, the complex index of refraction of the MgO aerosol is assumed to be 1.71−0.0i, independent of wavelength. At 1 233 K, the actual spectral profile of the complex indices of refraction of MgO (8) was used. The radiation transmission calculations for these two complex indices of refraction were carried out corresponding to the case1 and case2 experiments in Table 1 . The results of the transmitted energy calculated for these two cases are depicted in Table 2 , with the experimental results provided for comparison. It shows that the wavelength dependence of the complex index of refraction has little effect on Table 1 Experimental results   Table 2 Effect of wave-number dependency of complex index of refraction of aerosol on the results of radiative heat flux the radiation transmittance through the aerosol layer for the radiation emitted from the black body furnace. This suggests that the analysis can be carried out on assuming that the complex index of refraction of the dielectric oxide aerosol is independent of wavelength. The table also shows that the results by non-gray analysis using the Monte Carlo method agree well with the experimental data.
Results and Discussion
The measured results are detailed in Table 1 . The temperatures of the black body furnace are 1 143 K, 1 183 K, 1 213 K, and 1 233 K, and two positions of the radiation meter x = 0 and 25 mm are used in the experiments. As a result, four measurements of the transmitted radiative energy were carried out. The refraction index n and absorption index k are changed from 1 to 3 and 0 to 1 respectively to calculate the transmittance for the Table 1 . Then, the four regions of candidate n -k values of case 1 to 4 are superposed on one plane, as in Fig. 11 . The figure shows that there is only one crossing point of n = 1.71, k = 0 (m = 1.71 − 0.0i), which satisfies all the four regions of the n -k combinations and is close to the complex index of refraction of MgO, 1.72 − 0.0i for the wavelength region between 0.77 µm and 1.5 µm (8) . This shows that the complex index of refraction of the aerosol in a uniformly distributed dielectric oxide aerosol layer can be estimated by the present method.
Conclusions
In uniformly distributed dielectric oxide aerosol layers, the values of the transmittance of radiation from a black body furnace through the layer are analytically and experimentally obtained for several different temperatures of the furnace and for two positions of the radiation meter. Within a wide range of combinations of n and k of the complex index of refraction of the aerosol, which are used in the calculation of the transmittance, the best matching combination of n and k is obtained as the estimate by comparing the calculated with the measured transmittance. For the experiment, radiation transmission emitted from a black body furnace was measured through the aerosol of MgO produced by burning magnesium ribbon. The Monte Carlo method and Mie scattering theory are used to carry out three-dimensional non-gray radiation transfer analysis with multiple scattering in the simulated system. The proposed method is shown to be able to estimate the complex index of refraction of MgO aerosol correctly.
